et al., 1997). Since the D2 domain, an integral component
Our data, describing the three-dimensional structure in an asymmetric unit (Table 1) . In both molecules, the c R free ϭ R factor for a selected subset (5%) of the reflections that fragment contains two well-defined PTP domains, D1
was not included in prior refinement calculations. and D2, connected by a four-residue linker (Figures 1  and 2 ). The structures of the two molecules are very similar to each other with the exception of several sur-A model for a regulatory mechanism has been sugface loop regions and disordered segments within the gested based on the crystal structure of the D1 domain first 35 residues of one molecule. In addition, there is a of RPTP␣ (Bilwes et al., 1996). The D1 domain of RPTP␣ slight variability in the conformation of the linker region crystallized as a dimer, and in the crystal each active connecting the two phosphatase domains such that the site was blocked by an N-terminal helix-turn-helix segrelative intramolecular orientation of the two domains is ment of an opposing monomer, thus preventing subonly slightly different in the two non-crystallographically strate access to the active site. This coupled with related molecules ( Figure 5A ). If the atoms from the two biochemical analyses of chimeric CD45/EGF receptor D1s are superimposed, the placement of the D2s differs molecules has led to the suggestion that RPTP dimerizaby a rotation of just 3.5Њ, with an average difference in tion might be a general mechanism of inactivation (Maposition of ‫6.1ف‬ Å between the equivalent C␣ atoms. jeti et al., 1998). However, the residues of the N-terminal wedge that are involved in the dimeric interactions in Domain Structure of D1 and D2 RPTP␣ are not well conserved in other RPTPs, and in In the current structure, both phosphatase domains the structure of the D1 domain of RPTP the same have the same overall tertiary fold as seen in the previously determined PTP structures, with an rmsd of only regions are not utilized for the dimer contacts (Hoffmann in the core of the protein and near the catalytic sites of the PTP domains. The main features of each domain include a highly twisted nine-stranded mixed ␤ sheet flanked by four ␣ Our structural data correlate with a number of previous biochemical observations. Mutational analyses helices on one side and two on the other (Figure 1 ). The two short elements of secondary structure, ␤x and ␤y, showed that the whole D1 domain is required for catalytic activity, and a deletion mutant ending at residue present in the PTP domains of RPTPs and SHP-2 phosphatase, could not be seen in our D1 structure due Ile-1550 in ␣5 of D1 is catalytically inactive (Streuli et al., 1990). The activity was restored by extension through to the shortened N terminus of the construct used for crystallization. However, even without these ␤ strands, the first 25 residues of the D2 domain. The structure the N-terminal helix-turn-helix, ␣1Ј to ␣2Ј, adopts the confirms these residues form the back side of the active sharp turn seen in both the RPTP␣ D1 and RPTP D1 site and are absolutely required for proper folding. Restructures.
sults from point mutation experiments also agree with The most obvious difference between LAR D1 and D2 the crystal structure (Tsai et al., 1991). Many mutations is the presence of a longer loop, due to a four-amino with loss of function are located either at the active acid insertion, between helices ␣1Ј and ␣2Ј in the D2 site or within the core of the protein, but temperaturedomain ( Figure 3A ). In the crystal structure, this loop sensitive mutations are located primarily within the is involved in a crystallographic contact, adopting an amino-terminal portion of the D1 domain. These aminoextended form. Whether this crystallographic interacterminal residues are involved in the overall folding of tion has any biological relevance is not known. The active site topologies within the two LAR domains many D2 domains, indicating the possible significance are very similar to each other and to the other PTPs, all of this loop. Overall, the amino acid sequences are rewith a cradle for phosphopeptide binding surrounded markably well conserved for both D1 and D2 domains, by four loop regions ( Figure 3B ). Upon closer inspection, and this is reflected in the conserved secondary structure. Most of the highly conserved residues are found however, the structural differences resulting from the substitution of two highly conserved residues appeared As shown in Figure 4 , the wild-type GST-LAR-D1D2 is a very active enzyme. However, this phosphatase to account for the altered activity of D2. In PTP1B, Asp-181 from the WPD loop has been shown to function as activity was completely abolished by the Cys-1522-Ser mutation at the catalytic center of the LAR D1 domain a general acid in the catalytic reaction. In the structure of the PTP1B-phosphopeptide complex, the WPD loop (D1 C/S D2 ϩ mutant). In Figure 4B , using a 20-fold higher concentration of enzymes than in Figure at the same concentration (data not shown). Although structural restraints, which would prevent rotation of the mechanism of enzyme activation or inhibition by these side chains upon ligand binding, were observed. cationic peptides is unknown, these results clearly demonstrate the distinctiveness of the D1 and D2 derived catalytic activities.
Mutational Analysis
To investigate whether the amino acids at the two posiThe finding that only two amino acid changes make the D2 domain a fully active enzyme poses an interesting tions, Leu-1644 and Glu-1779, are sufficient to explain the lack of phosphatase activity in the LAR D2 domain, question as to the function of D2. This is even more puzzling if we consider how well the D2 domain is conwe made a series of site-directed mutants in the D1 and D2 domains of a GST-LAR-D1D2 fusion construct. The served among the related RPTPs, namely LAR, RPTP␦, RPTP, and Drosophila DLAR. In these proteins, the D2 construct contains LAR amino acid positions 1275-1881 (the natural C terminus of LAR). GST-LAR-D1D2 proteins domains are more highly conserved than the D1 domains (Krueger et al., 1990). Our D2 structure and biowere purified to near homogeneity by affinity chromatography, and protein phosphatase activity was deterchemical results indeed suggest that the LAR D2 domain has a capacity to bind phosphotyrosyl peptides. Howmined using the 
D2
L/Y mutant protein showed significant this residue can readily assume the respective φ and phosphatase activity, it is possible that once substrates angles of 65Њ and Ϫ165Њ necessary to lock the orientabind to the D2 domain with reasonable affinity, D2 can tion at the end of D1, and this in combination with the be activated. This idea is further supported by the fact interactions of Thr-1587 described here leaves very limthat in PTP1B the change of the critical Asp into Glu in ited choices for linker conformations. the WPD loop, in contrast to the Asp to Ala mutation, Additional intramolecular hydrogen bonds between does not abolish the catalytic activity (Flint et al., 1997) .
the two domains are observed between residues from However, it should be also noted that in the D2 do-␤9, ␤10, and ␣3 of D1, and from ␣4 and the loop connectmains of several other RPTPs, such as PTP and RPTP␥, ing ␤2 and ␤3 of D2 ( Figure 5B ). In particular, hydrogen the critical Cys in the signature motif is replaced by Ser.
bonds are observed between the main-chain amide of In the case of CD45, the D2 domain has the active site the Ala-1460 and the carbonyl of Tyr-1677 and among Cys residue intact but alternatively has substitutions in the side chains of Arg-1506, Tyr-1462, and Glu-1836 several amino acids in the signature motif, including the bridged by a water molecule. As in the linker region, critical Arg residue. Therefore, the D2 domains of these the residues involved in hydrogen bonding are highly enzymes must be truly inactive, suggesting that in these conserved among the two-domain RPTPs. In addition, cases the role of the second PTP domain would likely van der Waals interactions along the entire domain interbe a regulatory one, such as anchoring to or selecting face result in a tight and complementary fit of both domains. All of these interactions are observed in both substrates. Functional domains that are connected by long linkers orientation seen in the LAR crystal structure, the position of this long insertion would be close enough to influence as in the case of Grb2 (Maignan et al., 1995) , can be expected to operate independently to a large extent. substrate binding to D1 (see Figure 1) , suggesting a regulatory role for this loop. However, the limited flexibility in the relative orientation and significantly large interdomain contact surface reThe crystal structure of RPTP␣ and transfection analyses of chimeric CD45 molecules have led to the proposal ported here suggests that, in the case of RPTP tandem phosphatase domains such as LAR, the function of one that the catalytic activities of RPTPs are negatively regulated by homodimerization between D1 domains through domain is highly likely to be dependent on the other. Although no obvious structural evidence of direct interthe N-terminal helix-turn-helix segment (Bilwes et al., 1996; Majeti et al., 1998). Although the N-terminal helix domain interactions at the active sites is observed, the structural data do suggest how the interaction may afwedge of LAR D1 maintains essentially the same conformation as was observed for RPTP␣ D1, crystal packing fect the catalytic activity. In LAR, mutants missing the N-terminal part (1614-1715) of D2 showed an altered analysis showed that this particular motif is not involved in any intermolecular interaction. In fact, no extended substrate specificity, while deletion of the C terminus did not have this effect (Streuli et al., 1990 ). This contact surfaces were observed between the two crystallographically independent LAR molecules. If in vivo N-terminal part of D2 is in close contact with D1 and forms a wall at one side of the D1 active site. Although the relative orientation of the two domains is similar to that seen in this crystal structure, the formation of LAR this region is not in direct contact with the specific catalytic residues, the N-terminal segment of D2 is posidimers through the interaction of the N-terminal helix wedge and the active site of D1 will be impossible betioned such that it could affect the binding of large substrates.
cause of steric hindrance by D2. Based on our structure, it is possible that two molecules could interact through In the LAR crystal structure, the catalytic sites of both a head-to-tail type of interaction, with D1 of one moledomains are accessible. Since the LAR D1 and D2 docule in contact with D2 of another molecule, but we did mains are constrained by a short linker and extensive not see any indication of dimer formation for LAR, either interdomain interactions, it is likely that a similar relative in the crystal structure or in solution. 
